Land use/cover change (LUCC) affects canopy interception, soil infiltration, land-surface evapotranspiration (ET), and other hydrological parameters during rainfall, which in turn affects the hydrological regimes and runoff mechanisms of river basins. Physically based distributed (or semi-distributed) models play an important role in interpreting and predicting the effects of LUCC on the hydrological processes of river basins. However, conventional distributed (or semi-distributed) models, such as the soil and water assessment tool (SWAT), generally assume that no LUCC takes place during the simulation period to simplify the computation process. When applying the SWAT, the subject river basin is subdivided into multiple hydrologic response units (HRUs) based on the land use/cover type, soil type, and surface slope. The land use/cover type is assumed to remain constant throughout the simulation period, which limits the ability to interpret and predict the effects of LUCC on hydrological processes in the subject river basin. To overcome this limitation, a modified SWAT (LU-SWAT) was developed that incorporates annual land use/cover data to simulate LUCC effects on hydrological processes under different climatic conditions. To validate this approach, this modified model and two other models (one model based on the 2000 land use map, called SWAT 1; one model based on the 2009 land use map, called SWAT 2) were applied to the middle reaches of the Heihe River in northwest China; this region is most affected by human activity. Study results indicated that from 1990 to 2009, farmland, forest, and urban areas all showed increasing trends, while grassland and bare land areas showed decreasing trends. Primary land use changes in the study area were from grassland to farmland and from bare land to forest. During this same period, surface runoff, groundwater runoff, and total water yield showed decreasing trends, while lateral flow and ET volume showed increasing trends under dry, wet, and normal conditions. Changes in the various hydrological parameters were most evident under dry and normal climatic conditions. Based on the existing research of the middle reaches of the Heihe River, and a comparison of the other two models from this study, the modified LU-SWAT developed in this study outperformed the conventional SWAT when predicting the effects of LUCC on the hydrological processes of river basins.
Introduction
Resulting from the long-term interaction between human needs and natural processes [1] [2] [3] , land use/cover change (LUCC) affects canopy interception, soil infiltration, land-surface evapotranspiration (ET), and other hydrological parameters during rainfall, which in turn affects the hydrological regimes and runoff mechanisms of river basins [4] [5] [6] [7] . The effects of LUCC on terminal lakes disappeared as the groundwater table in the basin's middle reaches dropped [28] . Since 2000, China has implemented a series of environmental protection measures, such as reforestation and regrassing of farmland, causing further spatial and temporal LUCC in the Heihe River Basin. These changes have affected the basin's hydrological cycle in a very complex and multifaceted way [9] .
Finding an effective means for studying LUCC effects on the hydrological processes in the middle reaches of the Heihe River is particularly crucial for this region. However, the results of this study will more generally reveal how LUCC affects hydrological processes in the water consumption areas of inland river basins in arid regions, providing a scientific basis for the effective management and sustainable use of all inland river basin water resources.
Materials and Methods

Study Area
The middle reaches of the Heihe River are located between the Qilian Mountains and the Beishan Mountains. After passing through the Yingluoxia hydrometric station, the Heihe River flows through the plains of the Hexi Corridor, passing through Zhangye City to the Zhengyixia hydrometric station. Figure 1 shows a map of the Heihe River Basin study area.
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The middle reaches of the Heihe River experiences abundant heat and sunlight, making it suitable for crop growth and agricultural development. This region is designated as an irrigated agroeconomic zone. Approximately 61% of the soil in this region is grey-brown desert soil. Other soil types in this region include chestnut soil, light chestnut soil, brown desert soil, desert sandy soil, and a small number of azonal soils, such as anthropogenic-alluvial soil, meadow soil, and marsh soil [29] .
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The middle reaches of the Heihe River experiences abundant heat and sunlight, making it suitable for crop growth and agricultural development. This region is designated as an irrigated agro-economic zone. Approximately 61% of the soil in this region is grey-brown desert soil. Other soil types in this region include chestnut soil, light chestnut soil, brown desert soil, desert sandy soil, and a small number of azonal soils, such as anthropogenic-alluvial soil, meadow soil, and marsh soil [29] .
Due to the impact of human activity, many irrigation oases are distributed throughout the piedmont alluvial fan and alluvial plain in the lower middle reaches and upper river basin, respectively, forming a landscape dominated by artificially grown vegetation [9] . Precipitation in the plains is high in the east (~250 mm) and low in the west (≤50 mm) [29] . According to the Köppen Geiger classification, the climate in the study area is BSK (cold semi-arid).
Land Use/Cover Data Acquisition
To support this study, annual land use/cover data-in the form of Landsat Thematic Mapper (TM) images-were obtained for the middle reaches of the Heihe River from 1990 to 2009. Using a 1:50,000 topographic map as the datum and the Albers projection, the remote sensing images were geometrically corrected using a quadratic polynomial model. The interpretation keys of the remote sensing images were established using land use maps and observed data (we have 30 ground control points to check the accuracy) corresponding to the same period. Next, supervised human-machine classifications and image interpretations were performed using ArcGIS 10.0 (ESRI, Redlands, CA, USA) and ENVI 5.1 (Harris Geospatial Solutions, Inc., Broomfield, CO, USA) image processing software, and the results were compared with land use maps of the study area for the corresponding period. On-site verification revealed that the qualitative accuracy of the data classification exceeded 95%. Compared with the existing land use maps of the study area, the kappa coefficients of the interpreted land use maps in this study are all over 0.93.
Finally, based on China's Land Use Classification System and the land use classification system used by the SWAT, the land use categories selected for use in this study included farmland, forest, grassland, water, residential, and bare land.
Conventional SWAT Assessment
The conventional SWAT is a semi-distributed hydrological model that first subdivides the entire river basin into a number of sub-basins based on factors, such as topography and river-network distribution [27] . Next, the SWAT further subdivides the sub-basins into HRUs based on the land use classifications, soil classifications, and terrain slopes in the river basin. The land use/cover in the study area is assumed to remain constant throughout the simulation period. For each individual HRU, a conceptual model is used to estimate its precipitation, runoff, sediment, and other factors. After completing these calculations, river confluence calculations are made [27] .
Based on the water balance principle, the SWAT calculates the water volume as follows [27] :
where S t is the soil water content (mm), S 0 is the initial soil water content (mm), t is the total simulation time (days), R day is the precipitation on day i (mm), Q surf is the surface runoff on day i (mm), E t is the actual ET rate on day i (mm), S seep is the soil permeability on day i (mm), and Q gw is the baseflow (mm).
Conventional SWAT Modification
In the conventional SWAT, HRUs are the basic computation elements, each with a commonly defined land use, soil type, and slope. An individual HRU consists of multiple grid units that can be spatially adjacent or apart from one another. The number, surface areas, and spatial locations of HRUs are determined based on the combined number, surface areas, and spatial locations of patches on the land use, soil type, and slope maps.
In the present study, the soil type and slope data used to generate HRUs remained constant, whereas the land use data changed from year to year. To incorporate annual land use/cover data in the conventional SWAT (via a modified SWAT or LU-SWAT), the number, surface areas, and spatial locations of the HRUs generated from the multi-year land use/cover data must remain unchanged. To ensure that this condition is met in the LU-SWAT, the land use datasets for each year in the study period are spatially superimposed (based on successive years) to generate a land use overlay map and The spatially superimposed land use map is next superimposed with the soil type and terrain slope maps. During this superimposition process, the annual land use types corresponding to each patch listed in the attribute table are invoked by year to generate annual HURs. By matching the original land use maps for each year to their corresponding superimposed maps, the number, surface areas, and locations of patches for each year remain identical, but the patch attributes (e.g., land use types) may vary from year to year. Concurrently, the number, surface areas, and spatial distributions of the previously generated HRUs for each year remain constant, enabling the SWAT to carry out subsequent calculations based on land use changes. Figure 2 shows this modified HRU generation process based on the annual land use/land cover (LULC) maps. The spatially superimposed land use map is next superimposed with the soil type and terrain slope maps. During this superimposition process, the annual land use types corresponding to each patch listed in the attribute table are invoked by year to generate annual HURs. By matching the original land use maps for each year to their corresponding superimposed maps, the number, surface areas, and locations of patches for each year remain identical, but the patch attributes (e.g., land use types) may vary from year to year. Concurrently, the number, surface areas, and spatial distributions of the previously generated HRUs for each year remain constant, enabling the SWAT to carry out subsequent calculations based on land use changes. Figure 2 shows this modified HRU generation process based on the annual land use/land cover (LULC) maps. In addition to modifying the HRU generation process in the conventional SWAT, its computation flow also required modification. The conventional SWAT performs parameter initialization on a daily cycle, which prevents the use of annual land use data. Unlike the conventional SWAT model, the LU-SWAT runs the yearly loop subroutine prior to parameter initialization, allowing the current year's data (HRUs) to be input prior to initializing the parameters and running the daily loop subroutine. After the last day in a year has been simulated, results are saved in a file and used as input data for the subsequent year. Specifically, the data are reloaded and initialized with the corresponding initialization parameters, and the daily loop subroutine is run again. If the preceding year of the current input year is the last year of the simulation period, the simulation is finished. Figure 3 compares the computation flows of the conventional SWAT and the LU-SWAT developed in this study. To implement this modified computation flow, the conventional SWAT code was rewritten using Fortran language in the Microsoft Visual Studio 2010 programming environment (Rev. 635). In addition to modifying the HRU generation process in the conventional SWAT, its computation flow also required modification. The conventional SWAT performs parameter initialization on a daily cycle, which prevents the use of annual land use data. Unlike the conventional SWAT model, the LU-SWAT runs the yearly loop subroutine prior to parameter initialization, allowing the current year's data (HRUs) to be input prior to initializing the parameters and running the daily loop subroutine. After the last day in a year has been simulated, results are saved in a file and used as input data for the subsequent year. Specifically, the data are reloaded and initialized with the corresponding initialization parameters, and the daily loop subroutine is run again. If the preceding year of the current input year is the last year of the simulation period, the simulation is finished. Figure 3 compares the computation flows of the conventional SWAT and the LU-SWAT developed in this study. The spatially superimposed land use map is next superimposed with the soil type and terrain slope maps. During this superimposition process, the annual land use types corresponding to each patch listed in the attribute table are invoked by year to generate annual HURs. By matching the original land use maps for each year to their corresponding superimposed maps, the number, surface areas, and locations of patches for each year remain identical, but the patch attributes (e.g., land use types) may vary from year to year. Concurrently, the number, surface areas, and spatial distributions of the previously generated HRUs for each year remain constant, enabling the SWAT to carry out subsequent calculations based on land use changes. Figure 2 shows this modified HRU generation process based on the annual land use/land cover (LULC) maps. In addition to modifying the HRU generation process in the conventional SWAT, its computation flow also required modification. The conventional SWAT performs parameter initialization on a daily cycle, which prevents the use of annual land use data. Unlike the conventional SWAT model, the LU-SWAT runs the yearly loop subroutine prior to parameter initialization, allowing the current year's data (HRUs) to be input prior to initializing the parameters and running the daily loop subroutine. After the last day in a year has been simulated, results are saved in a file and used as input data for the subsequent year. Specifically, the data are reloaded and initialized with the corresponding initialization parameters, and the daily loop subroutine is run again. If the preceding year of the current input year is the last year of the simulation period, the simulation is finished. Figure 3 compares the computation flows of the conventional SWAT and the LU-SWAT developed in this study. To implement this modified computation flow, the conventional SWAT code was rewritten using Fortran language in the Microsoft Visual Studio 2010 programming environment (Rev. 635). To implement this modified computation flow, the conventional SWAT code was rewritten using Fortran language in the Microsoft Visual Studio 2010 programming environment (Rev. 635). After successful code modification and compilation, the original SWAT.exe file was replaced with a new executable file.
Conventional and Modified SWAT Application
To validate this approach, the modified SWAT or LU-SWAT together with two other conventional SWAT models based on different land use maps in different years (2000 and 2009) were applied to the middle reaches of the Heihe River in northwest China. To develop the hydrological model for this region, soil type data was obtained from a 1:1,000,000 soil map of Gansu Province. A digital elevation model (DEM) with a spatial resolution of 30 × 30 m provided topographic data. To account for the impact of human activity on the river network, supplemental topographic survey data digitized from a 1:100,000 topographic map was used to adjust the DEM's river channel data.
Meteorological data, including the precipitation, temperature, wind speed, relative humidity, and sunshine duration, were obtained from the Cold and Arid Regions Science Data Centre (http://westdc.westgis.ac.cn). These data were measured at 12 meteorological stations in the Heihe River Basin, including the Gaotai, Jinta, Jiuquan, Linze, Minyue, Shandan, Sunan, Zhangye, Qilian, Tuolei, Yeniugou, and Yongchang stations.
Because the middle reaches of the Heihe River offer abundant sunlight, rich natural resources, and a flat topography, approximately 97.6% of the entire Heihe River Basin's population and 98.5% of the cultivated land in the upper and middle reaches are concentrated here. As such, agricultural (farmland) management measures and domestic water consumption in the study area were deemed important to this study. Farmland management data included irrigation measures and cultivation/harvesting times in the river basin. In the middle reaches of the Heihe River, the amount of water used for irrigation and the corresponding water sources vary among the different irrigational districts. The proposed LU-SWAT accounts for this time and spatial heterogeneity when defining the irrigation measures because of the dynamic HRUs. The two other conventional SWAT models only account for spatial heterogeneity in the irrigation.
Simulation Evaluation
The validity of the proposed LU-SWAT in this application was evaluated using the Nash-Sutcliffe efficiency (NSE) parameter, percent bias (PBIAS), and the ratio of the root mean square error (RSME) to the standard deviation of observations (RSR) [30] . The NSE parameter ranges from −∞ to 1. An optimal NSE value of 1 indicates good model performance and high model credibility. As the NSE value approaches 0.5, the simulation results approach the average observed values, indicating satisfactory model performance. Similarly, PBIAS values ranging from −10% to 10% indicate good model performance. Finally, smaller RSR values indicate better model performance. An existing research [30] details the calculation processes and significance of these three simulation evaluation parameters. Table 1 shows the land areas by use type in the middle reaches of the Heihe River measured annually from 1990 to 2009. Farmland, forest, grassland, and bare land consistently accounted for most of the land area in this region. From 1990 to 2009, farmland, forest, and urban areas all showed increasing trends. Urban areas developed most rapidly and extensively, doubling in surface area over this period. However, urban areas accounted for only a small portion of the total study area. Forest areas also grew steadily, increasing in surface area by 55.70% over this period. Figure 4 shows the land use changed and no changed area of the study region from 1990 to 2009. It is obvious that most of the study area experienced land use changes in this 20-year period. 
Results and Discussion
Historic Land Use/Cover Changes in the Heihe River Basin
Calibration and Validation of the Models
In this study, the HRU area ratio (land use percentage) was set to 2%. For the LU-SWAT model, the number of HRUs is 100,168. For SWAT 1 and SWAT 2, the number is 2314 and 2540, respectively. The LU-SWAT has more HRUs than the conventional SWAT model, which is due to the use of the overlaid land use map in LU-SWAT, which has more patches than the single year land use maps. The large numbers of HRUs may lead to model complexity.
The conventional SWAT and proposed LU-SWAT are based on the same physical processes. As such, the sensitivities of their respective model parameters were assumed as consistent. This assumption enabled the use of the conventional SWAT to support the calibration of the proposed LU-SWAT. We set 1988-1989 as the initial period for model initialization, 1990-2000 as the calibration period, and 2000-2009 as the validation period. Referring to the existing study [31] , a sensitivity analysis was performed using the conventional SWAT and was based on 22 parameters related to the water cycle process. Table 2 shows the results of the model parameter sensitivity analysis, where t is the sensitivity of each parameter (as |t| increases, the parameter sensitivity increases), and p is the statistical significance of the parameter sensitivity (as p approaches 0, the parameter sensitivity increases.
The 10 most sensitive model parameters from Table 2 were selected for use in the initial calibration of the proposed LU-SWAT. These include the effective hydraulic conductivity of the main channel alluvium (CH_K2), initial Soil Conservation Service (SCS) runoff curve number for moisture condition II (CN2), baseflow recession constant (ALPHA_BF), Manning's n value for the main channel (CH_N2), threshold water level in the shallow aquifer for the base flow (GWQMN), melt factor on 21 December (SMFMN), groundwater revaporization coefficient (GW_REVAP), delay time for the aquifer recharge (GW_DELAY), snowfall temperature (SFTMP), and snow temperature lag factor (TIMP). Effective hydraulic conductivity of main channel alluvium −14.09 0 Note: For each parameter, t is the sensitivity (as |t| increases, parameter sensitivity increases), and p is the statistical significance of the sensitivity (as p approaches 0, parameter sensitivity increases.
The calibration process for a hydrological model is not as simple as fitting the selected parameters to observed data. Rather, based on a comprehensive consideration of the river basin characteristics, the simulated data is closely calibrated to fit the observed data, without exceeding a reasonable range of parameter values. In this study, a two-step process was followed: (1) A reasonable range of parameter values was defined based on the existing research of the Heihe River Basin and (2) a subsequent multi-step manual calibration method [27] was followed. The ranges of the 10 parameters are listed in Table 3 . The SWAT 1 and SWAT 2 models were calibrated using observed runoff data at the Zhengyixia station based on the parameters listed in Table 3 according to the existing study [27] . The proposed LU-SWAT uses annual land use/cover data to reflect the LUCC effects on model parameters, this study used a subsequent dynamic parameter calibration method following initial parameter calibration to match the various land use data with the optimal parameter combinations. Of the 10 most sensitive model parameters identified in the initial calibration of the LU-SWAT, only four of these parameters (CH_K2, CN2, ALPHA_BF, and GW_REVAP) were potentially affected by LUCC. These four parameters were subsequently selected for calibration of the LU-SWAT, while all other parameter values remained unchanged. Ultimately, 20 sets of optimal parameters were identified based on LU-SWAT simulations that considered annual land use/cover data from 1990 to 2009 and that were corrected using runoff data measured at the Zhengyixia station. The calculation time of the SWAT 1 and SWAT 2 were about 20-25 s (10 years) and for the LU-SWAT model, the time was 2.5-3 min. Figure 5 compares the estimated and observed monthly runoff in the middle reaches of the Heihe River based on simulations from the proposed LU-SWAT, SWAT 1, and SWAT 2 following calibration and measurements from the Zhengyixia station. Figure 6 presents the same comparisons for the annual runoff in the region. Simulated results from the proposed LU-SWAT were generally consistent in both magnitude and direction when compared with the measured data, demonstrating its validity for broader applications. The performance of the SWAT 1 and SWAT 2 models was sufficient, but their NSE values are lower and RSR values are higher than the LU-SWAT model. For the LU-SWAT, the NSE are higher and RSR are lower than SWAT 1 and SWAT 2, and the PBIAS are all between −10% and 10%. That means the performance of the LU-SWAT was the best. Relative to the SWAT 1 and SWAT 2, the proposed LU-SWAT achieved NSE values of 0.75 and 0.82, PBIAS values of 4.43% and 4.43%, and RSR values of 0.50 and 0.42 in the calibration period when simulating the monthly and annual runoff in the middle reaches of the Heihe River, respectively. Additionally, NSE values of 0.72 and 0.80, PBIAS values of 7.97% and 7.97%, and RSR values of 0.53 and 0.45 in the calibration period when simulating the monthly and annual runoff were found. For the LU-SWAT model, NSE, RSR, and PBIAS values were better for the calibration periods than the validation periods. Table 4 summarizes these results, which are possibly due to the fact that the LU-SWAT accounted for the time and spatial heterogeneity in LUCC and irrigation, whereas SWAT 1 and SWAT 2 only used one-year land use data. In addition, the performance of SWAT 1 and SWAT 2 were similar. When compared with the existing research of the middle reaches of the Heihe River [32, 33] , the proposed LU-SWAT also outperformed the conventional SWAT model (Table 4) : The NSE value increased 0%-20% and the RSR value decreased by about 0%-31%. In addition, the calibration and validation period (5 years) in the previous research were shorter than that in this study. The runoff measured at the Zhengyixia station is mainly affected by agricultural irrigation in the middle reaches of the Heihe River. The annual water volume used for agricultural irrigation is in turn affected by the farmland surface area and annual crop varieties. Unlike the conventional SWAT, the LU-SWAT proposed in this study incorporates both annual land use/cover data and detailed annual agricultural irrigation data for different irrigation districts and crops in the HRUs. As noted previously, agricultural irrigation is an important factor affecting this region's water cycle. By incorporating detailed agricultural irrigation data and accounting for inherent spatial variation, the proposed LU-SWAT provided better simulation of the runoff in the middle reaches of the Heihe River.
The proposed LU-SWAT was next applied more broadly to estimate various hydrological parameters over time (from 1990 to 2009). Table 5 summarizes these simulation results. The variations in the surface runoff, groundwater runoff, lateral flow, infiltration, and ET differed from that of the precipitation. The hydrological processes in the middle reaches of the Heihe River are primarily affected by human activity (e.g., agricultural irrigation) rather than by precipitation.
The recharge of river water in this region occurs primarily through groundwater runoff and lateral flow; surface runoff recharge is lower, especially during dry years (years with low precipitation). During wet years, recharge through surface runoff increases. The conventional SWAT model reflects this by using the SCS runoff curve number method to compute surface runoff. In addition, the total water yield in the middle reaches of the Heihe River accounts for only a small proportion of the total rainfall. These water consumption characteristics are consistent with the hydrological characteristics of inland river basins in northwest China's arid region [28, 34] . 
Land Use/Cover Change Effects on the Hydrological Processes in the Heihe River Basin
Following the initial calibration and validation of the proposed LU-SWAT, the model was used to simulate the effects of LUCC on hydrological processes in the middle reaches of the Heihe River. The control variable method was used to eliminate any confounding climatic factor effects on the hydrological processes.
Prior to simulation, climatic conditions in this region were classified as dry, wet, and normal based on annual precipitation volumes (listed previously in Table 5 ). From 1990 to 2009, 1997, 1998 , and 1995 were identified as representative dry, wet, and normal years, respectively, with corresponding precipitations of 133.55, 250.29, and 202.70 mm. Climatic data (precipitation, temperature, relative humidity, wind speed, and solar radiation in this model) was combined with irrigation data for the middle reaches of the Heihe River, and inflow runoff data from the Yingluoxia station in the upper reaches of the Heihe River for these three years to simulate the runoff at the Zhengyixia station in the middle reaches of the Heihe River from 1990 to 2009. Based on these simulations, the effects of LUCC on the river basin hydrological processes under dry, wet, and normal climatic conditions were determined. Figures 7-9 show the variations over time (from 1990 to 2009) in the annual surface runoff, lateral flow, groundwater runoff, ET volume, and total water yield in the middle reaches of the Heihe River under dry, wet, and normal climatic conditions, respectively.
Prior to simulation, climatic conditions in this region were classified as dry, wet, and normal based on annual precipitation volumes (listed previously in Table 5 ). From 1990 to 2009, 1997, 1998 , and 1995 were identified as representative dry, wet, and normal years, respectively, with corresponding precipitations of 133.55, 250.29, and 202.70 mm. Climatic data (precipitation, temperature, relative humidity, wind speed, and solar radiation in this model) was combined with irrigation data for the middle reaches of the Heihe River, and inflow runoff data from the Yingluoxia station in the upper reaches of the Heihe River for these three years to simulate the runoff at the Zhengyixia station in the middle reaches of the Heihe River from 1990 to 2009. Based on these simulations, the effects of LUCC on the river basin hydrological processes under dry, wet, and normal climatic conditions were determined. Figures 7-9 show the variations over time (from 1990 to 2009) in the annual surface runoff, lateral flow, groundwater runoff, ET volume, and total water yield in the middle reaches of the Heihe River under dry, wet, and normal climatic conditions, respectively. Under dry conditions, surface runoff, groundwater runoff, and total water yield showed decreasing trends over time, while lateral flow and ET volume showed increasing trends. Surface runoff, groundwater runoff, and total water yield decreased by 75.93%, 45.73%, and 33.74%, respectively, from 1990 to 2009. Lateral flow and ET volume increased by 99.93% and 35.11%, respectively, during this same period.
Similar trends over time were observed under wet conditions, but smaller changes in the hydrological parameters were estimated. Under wet conditions, surface runoff, groundwater runoff, and total water yield decreased by 23.61%, 11.42%, and 4.23%, respectively, from 1990 to 2009. Lateral flow and ET volume increased by 30.22% and 13.10%, respectively, during this same period.
Under normal conditions, similar trends over time were again observed, but the magnitudes of changes in the hydrological parameters differed from those under dry and wet conditions. Surface runoff, groundwater runoff, and total water yield decreased by 40.44%, 49.55%, and 18.47%, respectively, from 1990 to 2009. Lateral flow and ET volume increased by 120.21% and 23.60%, respectively, during this same period.
The primary water consumption zone of the Heihe River Basin lies in the middle reaches of the Heihe River. The water consumption of this area mainly occurs through agricultural irrigation, and flooding irrigation, which requires the extraction of large amounts of water from the river and underground runoff, is the most commonly used method of irrigation in this area. The agricultural irrigation module in the SWAT model provides a realistic model of flooding irrigation: Water losses from the water source to the soil (including transfer losses and evaporation losses) are indicated by the irrigation efficiency. The surface runoff flowing away from the farmlands as a percentage of the irrigation water is indicated by the "surface runoff ratio". The remaining water either seeps into the soil or is evaporated into the air, and the soil water module in the SWAT model is used to model the movement of water in the soils. During the irrigation season, large amounts of river water and underground water are extracted to irrigate the farmlands. A considerable amount of water is not used by the crops; this water either evaporates into the air, seeps into the soil to form lateral flows, or seeps through the ground to supplement underground water sources. Therefore, the increase in evaporation and lateral flows in the basin is mainly caused by the continuous increase of the farmland area. The effects of this change in farmland area on the surface runoff are relatively small. This is because the "surface runoff ratio" for agricultural irrigation was set to 0 according to the information queries that were made during this study; in other words, irrigation water does not flow from the farmlands into the river via surface runoff. Furthermore, the interception of rainfall by the canopy of the woodlands will reduce surface runoff. Therefore, the surface runoff of the basin decreases due to the continuous increase in farmland (in the middle reaches of the Heihe River) and woodland areas, and the continuous decrease in barren land and grassland areas. Underground runoff in the middle reaches of the Heihe River is decreasing over time, because river water and varying amounts of groundwater are being extracted for agricultural irrigation in the irrigation zones of this area; this is compounded by the increase in farmland area over time.
Therefore, the increase in farmland area is the main cause of the increase in lateral flows and evaporation in the middle reaches of the Heihe River. The increase in woodland area and the continuous decrease in barren land and grassland areas are the main reasons for the decrease in surface runoff. The increase in farmland area and the corresponding increase in irrigation water are the main causes of the decrease in underground runoff. Furthermore, it may be observed that the decrease in underground runoff is the greatest in drought and normal rainfall conditions. This is because very large amounts of water are still being extracted from groundwater sources and the river during drought and normal rainfall conditions. Since the amount of rainfall in these conditions is less than that in wet conditions, the groundwater sources do not receive a large amount of replenishment. Therefore, the significant decrease in underground runoff during drought and normal rainfall conditions may be attributed to the aforementioned causes.
As shown in Figures 7-9 , changes in the hydrological processes in the middle reaches of the Heihe River were most evident under dry and normal climatic conditions. This finding concurrently indicates that LUCC has a greater effect on the hydrological processes in this region under dry and normal conditions. Figure 10 shows the spatial heterogeneity and spatial-time variation of the hydrological parameters in the study area from 1990 to 2009 during dry climate conditions. Surface runoff, in sub-basins No. 6, 7, 9, 13, 16, 18, 28, 35, 41 , and 78, shows a clear decline for the period from 1990 to 2009. In these sub-basins, the areas of bare land decreased, which is possibly indicative of the main reason that causes a decrease in the surface runoff in the entire watershed. Groundwater increased in sub-basins 13, 29, 35, 41, 52, and 62. In these sub-basins, we observed an increase in farmland area, while in sub-basins 6, 7, 9, 28, 37, 50, 57, and 78, groundwater decreased for the period from 1990 to 2009. In these sub-basins, we observed a decrease in bare land area. Lateral flow increased in sub-basins 13, 41, 53, and 62. In these sub-basins, we observed an increase in farmland area. This may indicate that the main cause of increased lateral flow in the entire watershed is the increase in farmland. We observed increased ET in sub-basins 13, 18, 29, 53, and 62, as well as other sub-basins with increased areas of farmland. Areas of bare land decreased in sub-basins 6, 7, 9, and 28, as well as other sub-basins, which are all characterized by decreasing ET. The main land use change that impacts hydrological processes in the study area is the increasing amount of farmland and the decreasing amount of bare land. Similar studies using the SWAT model reveal the impacts that LUCC has on hydrological processes. However, these studies may fail to reflect year-to-year changes in land use/cover. Some studies [23, 33] divided entire simulation periods into uniform time intervals (e.g., 5-yr intervals) and performed interval simulations using land use/cover data from a single year within each interval. An existing study [35] found that, in the SWAT model, HRUs are lumped together and there is no interaction among HRUs in one sub-basin. Therefore, they improved the SWAT model to allow the distribution of HRUs. In this study, HRUs were also lumped, but we have divided large numbers of HRUs based on patches in the overlain multiple year land use maps, which may reduce the defects of lumped HRUs. However, future research requires the true HRU position to avoid defects from the lumped HRUs. Moreover, the number of HRUs in our study is high compared with similar studies. This may add more complexity to hydrological modeling and require more effort to calibrate the model. Setting a proper HRU threshold is a necessary step to solve these problems.
Conclusions
In conventional distributed or semi-distributed hydrological models, such as the SWAT, land use/cover type is assumed to remain constant throughout the simulation period, which limits the ability to interpret and predict the effects of LUCC on hydrological processes in a river basin. To overcome this limitation, a modified SWAT (LU-SWAT) was developed that incorporates annual land use/cover data to simulate LUCC effects on hydrological processes under different climatic conditions. To validate this approach, this modified model was applied to the middle reaches of the Heihe River in northwest China. Key findings from this efforts are as follows.
• Implementation of the HWDP and farmland reforestation and regrassing measures in 2000 directly affected land use and cover in this region. From 1990 to 2000, farmland areas increased by 10.65% while grassland areas decreased by 9.13%. From 2000 to 2009, farmland areas continued to increase and grassland areas continued to decrease, but at much slower rates of 3.45% and 0.90%, respectively. Primary land use changes in the study area were from grassland to farmland and from bare land to forest.
• From 1990 to 2009, surface runoff, groundwater runoff, and total water yield showed decreasing trends, while lateral flow and ET volume showed increasing trends under dry, wet, and normal conditions. Under dry, wet, and normal conditions, surface runoff decreased by 75.93%, 23.61%, and 40.44%; groundwater runoff decreased by 45.73%, 11.42%, and 49.55%; and total water yield decreased by 33.74%, 4.23%, and 18.47%; respectively. Lateral flow increased by 99.93%, 30.22%, and 120.21%; and ET volume increased by 35.11%, 13.10%, and 23.60%; respectively. Changes in the various hydrological parameters were most evident under dry and normal climatic conditions.
•
The increase in farmland area is the main cause of the increase in lateral flows and evaporation in the middle reaches of Heihe River. The continuous decrease in barren land and grassland areas are the main reasons for the decrease in surface runoff. The increase in farmland area and the corresponding increase in irrigation water are the main causes of the decrease in underground runoff. The results of this study substantially contribute to the state of knowledge regarding LUCC effects on river basin hydrologic processes. The results of this study also advance the state of practice for hydrologic assessments through the development and validation of a modified SWAT (LU-SWAT) that incorporates annual land use/cover data to simulate LUCC effects on hydrological processes under different climatic conditions. Future research will consider opportunities to enhance or more widely apply the LU-SWAT. 
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